vide an accurate measure of the physiologic significance of an isolated coronary stenosis in a limited subset of patients. We have therefore been interested in defining other parameters that can accurately assess stenosis severity by means of velocity measurements at the time of cardiac catheterization. The principle of continuity of flow is a corollary of the law of conservation of mass and states that flow in any portion of a nonbranching tube is equal (Figure 1) . The advanced to the left main ostium and the guidewire advanced to the distal circumflex coronary artery. The Doppler catheter was advanced to a proximal or midposition in the circumflex, and velocity signals were obtained. Velocity signals were optimized with both the spectral display and the audio signal. Papaverine 3-9 mg was administered via the guiding catheter and the hyperemic response recorded. Hyperemia runs were repeated one to three times and the results averaged. Papaverine-induced hyperemia was also measured in the left anterior descending coronary artery (LAD) in the same fashion. The Doppler catheter and guidewire were then removed, and a 0.035 -in. guidewire was placed in the circumflex coronary artery. The guiding catheter was removed, and a stenosis implant, 2 mm in length, was passed over the guidewire into the circumflex and wedged into place with a "push catheter" fashioned from an 8F guiding catheter with the secondary bend removed. Position of the stenosis was confirmed angiographically and the 0.035-in. guidewire removed.
The Doppler catheter/0.014-in. guidewire system was again advanced into the circumflex and the guidewire directed through the stenosis and out distally in the vessel. The Doppler catheter was advanced to a position just proximal to the stenosis where velocity recordings were obtained. The range gate control was then adjusted such that the sample volume moved out from the catheter tip (usually about 3-5 mm) to insonify the region of the stenosis without moving the catheter itself. Several recordings were obtained in both the stenosis high velocity jet position and the proximal position. Care was taken to ensure that the highest velocity during the range-gating procedure was recorded. Next, the catheter was moved back to the immediately proximal position, and measurements of papaverineinduced hyperemia were obtained using 3-9 mg injected through the guiding catheter. The entire process was repeated for the LAD (stenosis implantation, measurement of high velocity stenosis jet and proximal velocity, and repeat hyperemia runs) (Figure 3 ).
At the end of the experiment, the dog was killed using high concentration intravenous potassium chloride. The heart was harvested, and the coronary arteries were examined by dissection to assess the 1l' Implant position of the stenosis implants and check for evidence of thrombus formation or gross intimal damage. The stenosis implants were then removed, and external and internal diameters (e.d. and i.d., respectively) were measured with digital calipers (Mitutoyo, Tokyo, Japan), and cross-sectional areas were derived from the relation A= w2 for a circle for the proximal portion of the vessel (external diameter of the stenosis implant) and for the stenosis. For the irregular orifice shapes the implants were photographed under x 24 magnification, and the internal area was planimetered with a digital planimeter (Tamaya Technics, Tokyo, Japan). The percent diameter stenosis and percent area stenosis were calculated for all implants with circular orifices as e.d.-i.d./e.d.x100 and proximal area-stenosis area/proximal areax 100, respectively. The percent area stenosis was calculated for the stenosis implants with irregular orifice shapes.
Data Analysis
Peak and mean velocity determinations from the spectral data were obtained as follows. Spectral data from the spectrum analyzer were transferred into a host computer (Compaq 386) and stored for postprocessing. With the use of an algorithm for the determination of peak and mean frequencies from the spectral display (Meda Sonics) modified for implantation on the host computer, time-averaged peak and mean velocities could be determined.
Peak and mean velocities for each beat were obtained by averaging instantaneous velocity data S s _ + 4 P -t. . , . j . 7 7 . ------ over a one-beat time interval. Several beats (four to eight) were averaged to obtain a peak and mean velocity determination for each condition (proximal to stenosis, in stenosis jet, resting, and hyperemic velocities). To select beats for analysis, the entire recording was reviewed, and as many as four highquality beats were selected and freeze-framed for uploading to the computer. This procedure was done for as many beats as possible for each run (all high quality beats were analyzed): resting, hyperemia, proximal vessel, or stenosis velocity. Several screens of data had to be uploaded in most cases, but no more than eight beats were analyzed for each condition. For data from the zero-crossing detector, instantaneous peak phasic and mean velocities were taken as the peak of each tracing from the recorder for each condition (Figure 4) . Stenosis cross-sectional area was determined using the continuity equation and solving for stenosis cross-sectional area: Asten = Vprox XAproxNVsten where Aten is stenosis cross-sectional area, Aprox is cross-sectional area of segment immediately proximal to stenosis, Vprox is velocity in normal segment just proximal to the stenosis, and Vsten is velocity in stenosis. The ratio of stenosis velocity to proximal velocity was calculated for every stenosis implant as Vsten/Vprox-Vasodilator reserve was assessed as the ratio of peak to resting blood flow velocity after a maximally vasodilating dose of intracoronary papaverine. Determinations of stenosis crosssectional area and Vsten/Vprox were made for each velocity parameter measured: spectral peak velocity, spectral mean velocity, zero-cross peak phasic velocity, and zero-cross mean velocity. Determinations of vasodilator reserve were likewise made for all four velocity parameters.
Statistical Analysis
Cross-sectional areas derived from the combination of stenosis velocities and the continuity equation were compared with known cross-sectional areas. Stenosis velocity ratios were compared to three anatomic parameters of stenosis severity using linear regression analysis for each velocity parameter measured. To quantify the strength of the association of these variables, the Pearson productmoment correlation coefficient was also calculated for each velocity parameter measured. (Figure 2 ). Stenosis diameters ranged from 37% to 67%, and stenosis areas ranged from 60% to 89%. Velocity Measurements Proximal vessel velocities were recorded as the velocity in the segment just proximal to the stenosis implant. These typically were similar to the velocity in more proximal segments of the vessel. With the range-gate control on the pulsed Doppler velocimeter. the sample volume could be moved further out from the catheter tip. Generally, proximal velocities were obtained in the 2.0-2.5 mm range (distal to the catheter tip) with analyzable signals obtained by range-gating as far out as 6.0 mm. There was a clear increase in velocity as the range-gate control moved the sample volume into the region of stenosis in all successfully implanted vessels. In most cases, the signal was of high quality ( Figure 5 ). The highest velocities obtained by range-gating into the stenosis were used as the stenosis velocity. By using the range-gate control to move the sample volume from an area of low velocity proximally into the region of stenosis without moving the catheter into the stenosis itself, further obstruction by the catheter in the stenosis and artificial elevation of the stenosis velocity were prevented.
Stenosis Cross-Sectional Area
Cross-sectional areas derived from the continuity equation, using the spectral peak velocity as the velocity term, correlated best with true crosssectional area, giving a correlation coefficient of 0.93. The regression line for these two variables closely approximated the line of identity with a slope of 1.12 andy intercept of 0.10; the SEE for the cross-sectional area determined from the spectral peak velocity was 0.23 mm2 (Figure 6 ). Crosssectional areas using the spectral mean velocity were only weakly correlated with true crosssectional area, giving a correlation coefficient of 0.53. There was no correlation between crosssectional areas using either zero-cross peak phasic velocity or zero-cross mean velocity and true crosssectional area ( Figure 6 ). The mean absolute difference from the true cross-sectional area for the cross-sectional area determined from the spectral peak velocity was 0.22-+0.03 mm2 (mean + SEM), compared with 0.51±0.12 mm' for cross-sectional area determined from the spectral mean velocity, 0.61±0.15 mm2 for cross-sectional area determined from the zero-cross peak phasic velocity, and FIGURE 6. Plots of regression data for calculated cross-sectional areas (CSA) using the continuity equation and true CSA with velocities detennined by complex spectral analysis (peak and mean) and the zero-crossing detector (peak phasic and mean). SEE, standard error of the estimate.
0.65-+±0.12 mm2 for cross-sectional area determined from the zero-cross mean velocity.
Stenosis Velocity Ratio
We also examined the relation of the stenosis velocity to proximal vessel velocity ratio (Vsten/ Vprox) and three anatomic parameters of stenosis severity, namely, percent diameter stenosis, percent cross-sectional area stenosis, and minimal crosssectional area. There was a strong correlation between VstenVprox and percent diameter and percent area stenosis when the spectral peak velocity was used as the velocity term (r=0.91 and 0.92, respectively) ( Figure 7 ). There was also a correlation between the stenosis velocity ratio and minimal cross-sectional area measured in the same fashion, although not as strong (r= -0.76). When the spectral mean velocity was used as the velocity term in the V,Ien to Vprox ratio, the correlation with the three anatomic parameters of stenosis severity was weak: r=0.70 for percent diameter stenosis, r=0.65 for percent area stenosis, and r=-0.56 for minimal cross-sectional area. There was no correlation between VstenNVprox and the anatomic parameters of stenosis severity when the zero-cross peak phasic or zero-cross mean velocities were used as the velocity term (r=0.34 to -0.31 for peak phasic and 0.27 to -0.14 for mean velocity).
Vasodilator Reserve
Vasodilator reserve was measured as the peak to resting velocity ratio before placement of the coronary stenosis in the portion of the coronary artery selected as the site of stenosis implantation and again in that same site after the stenosis was implanted. Papaverine 3-9 mg was administered through the guiding catheter for each measurement; most animals achieved maximal hyperemia with 6 mg. There was a statistically significant decrease in mean vasodilator reserve when the hyperemic response in all vessels was averaged (p<0.001-<0.002) using all of the four methods of signal analysis (Figure 8 ). This system could potentially be used to measure absolute coronary flow velocity, although the validity of this measurement was not directly assessed in the present study. The movable guidewire system, which is usually placed through a stenosis and out distally in the vessel, should help to keep the catheter aligned down the center of the vessel and, hopefully, in the core of the forward streamline of flow. The guidewire may be particularly important in allowing positioning of the sample volume within the region of the coronary stenosis, which was critical in our study.
Flow interference effects from the catheter were felt to be a potential problem with the end-mounted design; indeed, absence of flow interference has been claimed as a major advantage of the sidemounted design of the Iowa catheter. In studies using flow models designed to replicate the coronary artery with the catheter in position, we Additional important fluid dynamic issues arise in making these measurements with an intracoronary Doppler catheter. In all of the stenosis implants studied, the guidewire was placed through the stenosis and out distally in the coronary artery. The guidewire thus reduces the actual cross-sectional area of the stenosis. The 0.014-in. guidewire used in our study has a cross-sectional area of 0.10 mm2 so that on this basis the cross-sectional area of the stenosis should be underestimated by 0.10 mm2. The true cross-sectional area of the stenosis jet in our preparation would also be reduced by the "vena contracta" phenomenon: the effective area of flow through the stenosis is somewhat less than the cross-sectional area of the narrowing. This phenomenon is particularly important in the case of an abrupt, nontapering entrance region, as shown in the schematized stenosis implant in Figure 9 . For the ratio of stenosis to proximal area of 0.6-0.9 in this study, the cross-sectional area of the stenosis jet (the vena contracta) would be expected to be in the range of 10-30% smaller than the actual crosssectional area of the stenosis with greater underestimation of area for tighter stenoses. 21 This effect would contribute to the negative y intercept and slope greater than unity in the regression line for the spectral peak velocity presented in Figure 5 .
Entrance effects lead to another theoretic concern with our measurements: the increase in velocity in the region immediately proximal to the stenosis. If proximal velocity determinations are made too close to a stenosis, the measured velocities will be spuriously elevated. Model calculations suggest that the area of acceleration of velocities occurs about one-step diameter before the stenosis, corresponding to 1-2 mm for the stenosis implants used in our study (Figure 9 ).22 Since the sample volume was always range-gated at least 3 mm from the proximal area to obtain stenosis velocities in our study, entrance effects on proximal velocities should not have introduced additional error.
Another important limitation of the model presented here is the fact that the stenoses are "ideal" in the sense of being discrete and located in relatively straight segments. With longer or more complex stenoses, jets may be more difficult to record and may be particularly difficult to record in tortuous segments where, despite the centering effect of the guidewire on the catheter, the beam may not be directed into the peak velocities of the jet. Our model also ignores any dynamic component of actual stenosis geometry although in theory the Doppler technique allows for an instantaneous assessment of jet velocity and lesion cross-sectional area. In this ideal setting our method compares favorably with quantitative coronary arteriography and videodensitometry based on previously published data in a similar canine model of implanted stenoses. 23 It would be useful, however, to compare these techniques directly using this model.
Finally, it is important to note that in our study changes in vasodilator reserve showed no correlation with any of the anatomic parameters of stenosis severity. This observation is inconsistent with findings in previous animal studies that increasing stenosis severity lowered vasodilator reserve in a predictable fashion. 24 In the present study, however, it is likely that resting flow was altered by ischemia as a result of placement of the stenosis, manipulation of the large diameter intracoronary guidewire, and prolonged engagement of the 8F guiding catheter. This effect is comparable to the situation seen clinically when measuring Doppler flow reserve during percutaneous transluminal coronary angioplasty where baseline conditions may be altered by induced ischemia. Thus, ischemic change has emerged as an important limitation of the vasodilator reserve method in this context. 25 The Doppler continuity method described here is theoretically independent of any alterations in coronary vascular tone and can be potentially applied in patients with left ventricular hypertrophy, other forms of diastolic dysfunction, and prior myocardial infarction. In this ideal setting our method appears to give an accurate determination of minimum lesion cross-sectional area, which is based on a straightforward fluid dynamics calculation. It 
